ABSTRACT: Fiddler crab Uca pugilator larvae are released within estuaries near the time of high tide and are exported offshore to undergo development. Previous studies indicate that zoea-1 larvae use selective tidal-stream transport (STST) to migrate from adult habitats to shelf waters. In areas with semidiurnal tides, this behavior is mediated by a circatidal rhythm that is characterized by upward swimming toward the surface during ebb tide, followed by a descent toward the bottom during flood tide. We tested the hypothesis that U. pugilator zoeae from different tidal regimes possess activity rhythms that match local tidal patterns. Ovigerous crabs with late-stage embryos were collected from areas with semidiurnal, diurnal, and mixed tides and from an area within a microtidal coastal lagoon. Following hatching, swimming activity was monitored under constant conditions for 96 h. Zoeae from semidiurnal and diurnal regimes possessed activity rhythms with free-running periods that matched the tides at the collection sites (≈12.4 and 24.8 h, respectively). Crabs from beaches with mixed tides displayed asymmetrical oscillations in swimming activity with dominant periodicities that corresponded to the semidiurnal and diurnal constituents of the tides. Zoeae from microtidal areas possessed rhythms that were similar to those observed in crabs from areas with semidiurnal tides. At all locations, peaks in activity occurred during the time of expected ebb currents, which is consistent with STST behavior favoring seaward transport. Differences in larval activity patterns suggest that STST behaviors are controlled by separate circatidal and circalunidian clocks or paired circalunidian clocks coupled in antiphase.
INTRODUCTION
Behaviors and physiologies of many estuarine and coastal marine organisms are often synchronized with cyclical changes in water level and horizontal flow associated with the tides (see DeCoursey 1983 , Palmer 1995a , Gibson 2003 , for reviews). Adaptations for timing activities to predictable changes associated with tidal cycles are most pervasive in marine organisms, such as intertidal and estuarine species, that must cope with short-term environmental fluctuations associated with the tides. Consequently, many organisms possess internal clocks that are used to track the period, phase, and amplitude of the tides and adjust activities and physiologies in anticipation of changes in external conditions (reviewed by DeCoursey 1983 , Palmer 1995a ).
Circatidal rhythms typically have a period of 12.4 h (but sometimes 24.8 h; Barnwell 1976) and are entrained or phase-set by environmental cues (zeitgebers) that fluctuate simultaneously with the tidal cycle, including changes in salinity, pressure, temperature, turbulence, vibration, and moonlight (DeCoursey 1983 , Naylor & Williams 1984 , Forward 1987 , Palmer 1995a , and references therein). Many rhythms are also modulated by the 24 h day-night cycle, resulting in complex 2 wk (fortnightly) patterns that match the 14.8 d spring-neap cycle (Barnwell 1966) .
Although many circatidal rhythms, especially those present in intertidal organisms, are associated with patterns of emersion and submersion tied to changes in water level, others are linked to cycles in the direction of tidal-stream flow. Numerous fish and invertebrate species inhabiting estuaries and nearshore coastal areas undergo vertical migrations coupled to tidal flow to take advantage of differences in the horizontal advection of currents associated with tidal phase. This behavior, referred to as selective tidal-stream transport (STST), is often under endogenous control and is used by organisms that are weak swimmers for dispersal and recruitment and by strong swimmers seeking to conserve energy (see Forward & Tankersley 2001 , Gibson 2003 for reviews). Effective unidirectional movement is achieved by vertically migrating upward into the appropriate tidal flow, remaining there for the duration of the tidal phase, and migrating downward and remaining near or on the bottom during the alternate phase (Forward & Tankersley 2001) . Ebb-phased migrations (i.e. ebb-tide transport; ETT) are used for seaward transport and export from estuarine to offshore areas; flood-phased migrations (i.e. flood-tide transport, FTT) are associated with shoreward transport and up-estuary migration for recruitment and settlement in adult habitats (Forward & Tankersley 2001 , Gibson 2003 .
Most studies examining vertical migratory behaviors associated with STST have focused on organisms from semidiurnal systems, which predominate the coasts of the Atlantic Ocean, North Sea, and regions of the Indian Ocean (Forward & Tankersley 2001) . These tides are considered the least complex of the tidal forms since they have a period of ≈12.4 h and are characterized by having 2 flood and ebb periods per day of approximately equal magnitude. When broken-down to their principal harmonic components (constituents), tidal changes in these areas are dominated by the principal lunar semidiurnal (M 2 = 12.42 h) and principal solar semidiurnal partial tides (S 2 = 12.00 h) (Schureman 1924) . However, tidal pattern and form vary geographically depending upon topographical and physical features of the ocean basin and the direction and magnitude of oceanic and tidal currents. Along the coastlines of much of the Pacific and Indian Oceans, the amplitude of successive semidiurnal peaks is altered by a diurnal inequality produced by the moon's declination relative to Earth's equator (Barnwell 1976) . Tides in these areas are referred to as being 'mixed' since the complex asymmetrical pattern is determined by the relative influence of the principal semidiurnal constituents (M 2 and S 2 ) and 2 additional diurnal constituents (lunisolar diurnal [K 1 = 23.93 h]) and lunar diurnal ([O 1 = 25.82 h]), which are responsible for the inequality between successive peaks (Schureman 1924) . Mixed tides are often further subdivided into 2 categories, mainly semidiurnal and mainly diurnal, depending on the relative contribution of the diurnal and semidiurnal partial tides. The relative effect of the diurnal inequality also varies every 13.66 d as the moon oscillates between the maximum northern and southern limits of its declination cycle (i.e. tropical month = 27.32 d). Areas dominated by the O 1 and K 1 constituents, including parts of the Gulf of Mexico, Southeast Asia, and New Guinea, experience only one high and low tide per day and are classified as diurnal. Finally, some coastal areas, including regions of the Mediterranean, North Sea and the Gulf of Mexico, and estuarine habitats associated with coastal lagoons, lack regular tidal cycles or predictable changes in hydrostatic pressure or current flow. Water level fluctuations in these small-amplitude tidal (microtidal) areas are aperiodic and largely dictated by wind forcing and freshwater run-off (Smith 1987) . Little is known about the function and expression of tidally timed activities and behaviors, including those underlying STST, in these systems.
Like many invertebrate and fish species spawned in estuaries, zoeae of the sand fiddler crab Uca pugilator (Bosc) are exported to offshore areas to develop prior to reentering estuaries and recruiting to adult populations as postlarvae (megalopae) (Dittel & Epifanio 1982 , Christy 1982 , Brookins & Epifanio 1985 , Petrone et al. 2005 , and references therein). Dispersal to high-salinity areas is considered adaptive since it minimizes exposure to physiologically stressful conditions in estuaries (e.g. low salinity and high temperatures) and reduces the risk of predation (see Morgan 1987 , Morgan & Christy 1997 , Christy 2003 . Transport to offshore areas is facilitated by the synchronous hatching of larvae around the time of high tide (Christy 1982 , 1986 , Christy & Stancyk 1982 , Morgan 1995 , Morgan & Christy 1995 , and references therein) so that larvae are transported down-estuary and away from adult habitats by strong ebb currents. Our recent research indicates that seaward transport is further enhanced through the use of ETT. Newly hatched Stage-1 zoeae from areas with semidiurnal tides possess a circatidal rhythm in swimming activity with a periodicity of approximately ≈12.5 h that persists for several days in the absence of tidally related geophysical or environmental cues (López-Duarte & Tankersley 2007) . Peaks in activity and upward swimming occur ≈ 3 h after high tide, which corresponds to the expected time of maximum ebb flow. Circatidal migration patterns are consistent with field observations of tidally rhythmic changes in the depth distribution of fiddler crab larvae. Sampling conducted within or near the mouth of estuaries of the western Atlantic has reported tidally synchronized shifts in Uca spp. abundance that were characterized by larvae being concentrated near the surface during the falling tide and in bottom layers when tidal currents were flooding (Brookins & Epifanio 1985 , Epifanio et al. 1988 , Garrison 1999 . The temporal and spatial (mainly vertical) distribution of fiddler crab larvae in areas with mixed and diurnal tides is unknown. Yet, flexibility in the pattern of vertical migration and the timing systems controlling this behavior would be adaptive since it would maximize larval survival and reproductive success across tidal habitats (Barnwell 1976 , Thurman 2004 . This is especially true in areas where the ability to exploit tidal currents significantly enhances the transport of larvae away from shorelines, where planktivorous fishes are abundant, to coastal waters where environmental conditions are more favorable for development (Morgan 1987 , Morgan & Christy 1997 , Christy 2003 .
In the present study, the wide geographic distribution of Uca pugilator populations and differences in tidal patterns along the Atlantic and Gulf coasts of Florida (USA) were used to test the hypothesis that the circatidal behaviors of newly hatched zoeae that underlie ETT vary spatially and match the form of the local tidal regime. Estuaries and coastal habitats along the east coast of Florida typically experience semidiurnal tides. However, because of an increase in the dominance of diurnal tidal forcing in the Gulf of Mexico, much of the west coast experiences mixed tides (Coast and Geodetic Survey 1952, NOAA/NOS 2000) . The pattern changes again, rather abruptly, near Cape San Blas, Florida (29°39' 55'' N, 85°21' 00'' W). West of this point and along much of the northern Gulf coast to Vermillion Bay, Louisiana (29°34' 35'' N, 92°02' 09'' W), semidiurnal periodicities are diminished and the tidal form is diurnal (Coast and Geodetic Survey 1952) . Zoeae released by adult crabs collected from populations exposed to semidiurnal, diurnal, mixed, and micro-tidal patterns were monitored under constant conditions to determine if they possessed circatidal rhythms in swimming with periods that matched the dominant tidal constituents (M 2 and S 2 ≈12.4 h; O 1 and K 1 ≈24.8 h) associated with the collection site. Vertical migration patterns in the time series were compared to the expected tidal cycle to determine if they were phased appropriately to underlie ETT (i.e. peaks in activity and upward swimming during periods of maximum ebb flow, inactivity and downward swimming during periods of flood flow). Crabs from a fifth population were collected from a site on the Atlantic coast of Florida that is within the Indian River Lagoon (Titusville, Florida, USA: 28°37' 30'' N, 80°47' 32'' W; Fig. 1 ). Tidally influenced areas in the lagoon are restricted (< 5 km) to regions around the coastal inlets (Smith 1987) . The collection site is > 50 km from the nearest tidal habitat within the lagoon and changes in water level are primarily the result of wind forcing and freshwater runoff (Smith 1987) . Thus, the area is classified as being microtidal. Developmental stage of the embryos in the egg masses was determined using the procedures of Brown & Loveland (1985) . Only crabs that were determined to be within 24 h of hatching (i.e. late-stage embryos) were used in experiments. In the laboratory, ovigerous crabs were maintained in individual 19 cm diameter × 6 cm glass bowls containing ≈1 l of filtered seawater (33 to 35 PSU; 24 to 25°C) and exposed to a photoperiod that approximated the natural light/dark (L:D) cycle at the time of collection.
MATERIALS AND METHODS

Collection
Following hatching, zoeae from the same egg mass were transferred to new seawater (34 PSU) and were allowed to feed ad libitum on rotifers (Brachionus sp.) for 1 h. Approximately 200 to 300 larvae were then transferred to clear rectangular Lucite chambers (interior dimensions: 5 cm × 5 cm × 19 cm) and placed under constant conditions. Temperature was maintained at 24°C and the top of the chamber was partially sealed to prevent evaporation.
Swimming activity of zoeae was recorded continuously for 96 h under constant far-red illumination (maximum transmission 775 nm) using a closed-circuit time-lapse video system (Panasonic BP334 B/W video camera attached to a Panasonic Model RT 650 timelapse video recorder). Recording was considered to be in complete darkness since Uca pugilator larvae are insensitive to far-red light (Cronin & Forward 1988) . The camera's focal length and depth of field were adjusted so that the number and activity of larvae in the upper third of the chamber was recorded. This procedure was repeated 4 times (N = 4) using batches of larvae from different females collected from each of the 4 tidal regimes (semidiurnal, diurnal, mixed semidiurnal and microtidal). Since the Sebastian Inlet and Ft. Pierce Inlet sites are < 45 km from each other ( Fig. 1 ) and experience similar tidal conditions, 2 replicate groups of larvae from different crabs collected from each site were combined and treated as a single treatment (i.e. semidiurnal tides).
Analysis of activity records. Activity records (actograms) were produced by analyzing the video recordings and counting the number of larvae swimming in the upper third of the chamber at 0.5 h intervals. Time series of larval activity were analyzed for rhythmicity using Lomb-Scargle periodogram analysis (AutoSignal, SeaSolve Software). The Lomb-Scargle procedure is similar to more traditional Fourier-based spectral methods for analyzing biological time series (e.g. chisquare periodgram), yet it is more appropriate for noisy time series and data sets with unevenly spaced observations (Ruf 1999) . Dominant periodic signals in the activity traces were determined by plotting normalized power values (magnitude-squared of the Lomb spectrum) as a function of period (h) (i.e. periodogram). Peak values in the periodogram that exceeded the 95% confidence interval (calculated using Monte Carlo trials) were considered to be statistically significant at α = 0.05 (Scargle 1982 , Chatfield 1989 . Confidence intervals are indicated as dashed horizontal lines in the periodogram plots.
If significant rhythmic activity was detected in the time series, the synchrony between larval swimming activity and the expected tidal cycle in the area from which they had been collected was determined using cross-correlation analysis (SPSS 14.0). Predicted tidal heights relative to mean lower low water (MLLW) were obtained from the computer program Tides and Currents Pro 2.5 (Nautical Software) for the Sebastian Inlet, Ft. Pierce Inlet, Turkey Point, and Port St. Joe locations. Since significant tide-related changes in water level do not occur at the Titusville site, tide predictions are unavailable. Thus, tide data for the crosscorrelation analysis was obtained from the nearest (≈30 km) coastal tide station (i.e. Cape Canaveral, Florida, USA). Plots of cross-correlations as a function of lag interval (1 lag = 0.5 h) were used to determine the phase relationship between swimming behavior and tide stage. Thus, peaks at positive or negative lag intervals indicated that maximum activity occurred that many hours after (+ lags) or before (-lags) the time of expected high tide. Cross-correlation values exceeding the 95% confidence intervals (± 2/ 1 1 N) were considered to be statistically significant (Chatfield 1989) .
RESULTS
Zoea-1 larvae collected from all 5 locations exhibited rhythmic vertical migratory activity under constant conditions. Activity patterns persisted for the duration of the observation period (i.e. 96 h) and only dampened slightly, indicating that the rhythms probably continued for several additional cycles beyond the length of the trials (see Figs. 2 to 5). General declines in the overall level of activity were most likely the result of starvation since larvae were not fed once they were placed in constant conditions. In general, zoeae oscil-lated between an active phase in which most larvae (75 to 100%) swam in the upper portion of the chamber for several hours, followed by an inactive phase in which most larvae remained in the lower portion of the chamber. Dominant periodicities in the time series and the phase relationships between the activity traces and the expected tidal cycle in nature were similar for all trials regardless of the tidal regime, phase of the spring/neap cycle, and synchrony between tidal and diel cycles at the time of release.
Larvae released by crabs collected from Sebastian Inlet (SI) and Ft. Pierce Inlet (FP) exhibited a circatidal rhythm with 2 peaks in activity per day of similar amplitude ( Fig. 2) . Thus, cycles of activity matched the semidiurnal tidal pattern present at the collection site. Periodograms for all runs contained a single statistically significant (p < 0.05) peak in activity that was comparable to the periodicity of the tides (x: 12.27 ± 0.08 h; Table 1 ; Fig. 2 ). In all cases, larval activity peaked after high tide during the expected time of ebb tide in the field (Fig. 2 ). The phase relationship (i.e. acrophase) between the 2 time series was corroborated by significant maximum positive cross-correlation values (maxCC) ranging from 2.5 to 4.5 h (Table 1; x: 3.25 ± 0.75 h).
Larvae from crabs collected from the same coast of Florida as the SI and FP crabs but in an area within the Indian River Lagoon that does not experience regular tidal changes (Titusville; Fig. 1 ) also exhibited 2 peaks in swimming activity per day of equal amplitude. This circatidal activity pattern was confirmed by single dominant peaks in the periodograms between 12.19 to 12.49 h (x; 12.34 ± 0.09 h; Fig. 3 ). Since water level changes at the collection site are aperiodic and not associated with the tides, swimming activity was compared to the expected tidal cycle at an adjacent coastal area (Cape Canaveral, FL) for which tide predictions were available. Although the mean (± SE) acrophase for all 4 trials was 3.00 h (±1.57 h), the relative synchrony between the 2 time series was more variable than at the other locations and ranged between -0.5 and 7.0 h relative to high tide (Fig. 3, Table 1 ).
Activity traces for larvae from gravid females collected at Turkey Point (TP), an area with mixed tides, also exhibited 2 peaks in swimming activity per day. However, the amplitudes of consecutive activity cycles were asymmetrical, indicating that the rhythm was comprised of both circatidal (12.5 h) and circadian (24 h) or circalunidian (24.8 h) components. Although the magnitude of the peaks in activity were similar, the troughs (i.e. inactive phases) were unequal, such that more larvae remained near the top of the chamber during inactive periods that occurred during the expected light phase than during the expected dark phase (Fig. 4) . This asymmetry matched the mixed-semidiurnal tidal pattern at the collection site during all 4 replicate trials. The circatidal and circadian (or possibly circalunidian) components of the time series were confirmed by the presence of 2 significant (p < 0.05) peaks in the periodograms between 12.19 and 12.8 h (x; 12.42 ± 0.15 h) and 23.27 to 24.38 h (x; 23.83 ± 0.32 h), respectively ( Fig. 5; Table 1 ). When compared to the expected tidal times in the field, maximum swimming activity occurred during the falling tide, ≈ 3.5 to 5.0 h after the time of high tide x; 4.13 ± 0.31 h; Table 1 ).
Swimming activity of zoeae spawned by crabs collected at Port St. Joe (SJ) differed substantially from those from the other areas in having only one reoccurring cycle in activity each day, consistent with the diurnal tidal regime present at the collection site. Periodograms for all 4 runs were dominated by a single peak between 24.38 and 25.6 h (x; 24.69 ± 0.31 h; Table 1 ), despite the fact that they were from different females. Upward-swimming phases occurred during the expected light phase and were associated with the time of ebb-tide in the field. Mean (± SE) acrophase between the activity rhythm and the tide was 6.13 ± 0.43 h ( Table 1 ), indicating that peaks in activity occurred near the middle of the falling tide (Fig. 5) . Period (h) 0 1 2 2 4 3 6 Fig. 2 . Uca pugilator. Swimming activity records (actograms; left graphs) and their corresponding periodograms (middle graphs) and cross-correlation plots (right graphs) for newly hatched zoea-1 larvae collected from areas with semidiurnal tides. Plots A and B are for separate (replicate) groups of larvae from Sebastian Inlet, Florida (Fig. 1) . Plots C and D are for zoeae from crabs collected from Ft. Pierce, Florida (Fig. 1) 
DISCUSSION
The predominance and nature of tidally related rhythms in marine organisms, especially those inhabiting intertidal areas, has been well documented (for reviews see e.g. DeCoursey 1983 , Naylor 1985 , Forward 1987 , Palmer 1995a . The need for a flexible timing system which enables biological rhythms to adjust to local variations in the phase, period, amplitude, and pattern of the tide was first recognized by Barnwell (1976) . However, studies examining the impact of different tidal forms on the expression and utility of circatidal rhythms, especially in species with wide geographic ranges spanning multiple tidal regimes, have largely focused on the locomotory and egg hatching rhythms of adult crabs (see Morgan 1995 , Morgan & Christy 1995 , Thurman 2004 for reviews). Nevertheless, how planktonic larvae that are transported considerable distances away from adult habitats cope with spatial variability in the complexity and form of tidal currents is unknown.
Coupling of vertical migration with changes in tidal flow for maintenance of position within estuaries or for directional transport and exchange between estuaries and nearshore coastal areas (i.e. STST) has been well documented in crustaceans (see Forward & Tankersley 2001 , Queiroga & Blanton 2005 , Naylor 2006 for reviews). Available evidence suggests that these movements are primarily controlled by endogenous clocks (Forward & Tankersley 2001) . In addition to Uca pugilator Stage-1 zoeae (López-Duarte & Tankersley 2007) , circatidal rhythms in swimming activity that underlie STST have been reported for larval and adult phases of several other crustaceans, including the copepod Eurytemora affinis (Hough & Naylor 1992) , zoeae of Carcinus maenas (Zeng & Naylor 1996a ,b,c, Duchêne & Queiroga 2001 and Rhithropanopeus harrisii (Cronin & Forward 1979 , 1983 , Forward & Cronin 1980 , postlarvae and juveniles of Penaeus duorarium (Hughes 1972) , ovigerous adult blue crabs Callinectes sapidus (Forward et al. 2003) , and Uca spp. meglaopae (Tankersley & Forward 1994) . However, previous studies of decapods have focused on species inhabiting locations with semidiurnal tides, and comparisons of STST behaviors among organisms inhabiting areas with different tidal patterns have been limited to populations from tidal and nontidal/microtidal habitats (Zeng & Naylor 1996a ,c, Queiroga et al. 2002 . The current study is the first comparison of STST behaviors of a single species across multiple tidal regimes.
Zoeae released by adult Uca pugilator from tidal areas on the Atlantic and Gulf coasts of Florida possessed distinctly different rhythms in swimming activity. Time series for larvae from 2 of the sites along the east coast of Florida (Sebastian Inlet and Ft. Pierce Inlet; Fig. 1 ) were characterized as having 2 cycles in activity of similar amplitude per lunar day that matched the pattern of the lunar semidiurnal partial tide (M 2 ) that dominates this area. These results are comparable to those reported in our earlier study of U. pugilator populations inhabiting the Newport River Estuary, North Carolina (López-Duarte & Tankersley 2007). Crab populations from this location experience tides with properties (period and amplitude) similar to those present at the Sebastian Inlet and Ft. Pierce Inlet sites. As with the present study, Stage-1 zoeae from the Newport river estuary exhibited a tidal rhythm with a mean free running period of 12.59 ± 0.08 h (x) and alternating phases of upward and downward migration were synchronized with the expected times of ebb and flood currents, respectively. Since crab populations for the 2 studies are widely separated (> 800 km), the rhythm is not restricted to a single geographic location or region and is most likely a common behavioral trait of U. pugilator zoeae inhabiting estuaries of east coast of the USA. This conclusion is further supported by field studies conducted in several estuaries along the same coast, including Chesapeake and Delaware Bays, which found abundant newly hatched Uca spp. in surface layers during periods of ebb-flow and in deeper layers during flood (Brookins & Epifanio 1985 , Epifanio et al. 1988 , Garrison 1999 .
Endogenous rhythms in swimming were also present in zoeae released from crabs from diurnal (SJ) and mixed semidiurnal (TP) tidal regimes. The freerunning periods of rhythms of diurnal crabs were approximately twice as long (24.38 to 25.60 h; Table 1) as those from semidiurnal areas and closely approximated the pattern produced by the K 1 and O 1 partial tides (Table 1) . Thus, a single upward and downward swimming phase occurred each lunar day. Unfortunately, the time series were not sufficiently long enough to determine whether the timing system underlying the rhythm tracks one or both of the geophysical cycles associated with the diurnal harmonic constituents (Stilman & Barnwell 2004) . Similarly, the pattern of the activity rhythm of larvae released by crabs from Turkey Point reflected the relatively complex periodic structure of the mixed semidiurnal tides in the area. Differences in the magnitude of the downward swimming phases of alternating cycles were conspicuous and paralleled the strength of the diurnal inequalities of the tidal regime at the time of hatching. Like larvae from semidiurnal beaches, the timing of the upward swimming phases of the rhythms exhibited by both diurnal and mixed crabs coincided with periods of ebb flow and would promote dispersal away from adult habitats and accelerate seaward transport (Table 1) .
Larvae from the microtidal site (Titusville) were predicted to be arrhythmic since both developing embryos and gravid females were not exposed to periodic changes in water level or potential entrainment cues associated with tides (e.g. hydrostatic pressure, salinity, turbulence, temperature and immersion/emersion) prior to larval release. Horizontal tidal currents in the area are variable and unpredictable (Smith 1990 ). Thus, tidally timed vertical migrations would lack ecological and functional significance since they would be energetically costly and of little value for dispersal or transport. Our hypothesis is consistent with previous studies of circatidal behaviors underlying STST. Cronin & Forward (1983) reported that larval swimming rhythms in the crab Rhithropanopeus harrisii from areas with semidiurnal tides were weaker or absent in laboratory-hatched larvae from crabs collected from areas with aperiodic tides. Similarly, Ehlinger & Tankersley (2006) found that endogenous swimming behaviors in field-caught larvae of the horseshoe crab Limulus polyphemous were absent in laboratoryreared individuals that were not exposed to artificial tidal cycles in mechanical agitation prior to hatching. Our prediction that larvae would be arrhythmic was not supported since the pattern and periodicity of the swimming rhythms was remarkably similar to the ones recorded for zoeae from the 2 semidiurnal sites (SI and FP; Figs. 2 & 3) and from a semidiurnal estuary in North Carolina (López-Duarte & Tankersley 2007) . Although the phasing of the active periods relative to the adjacent tidal regime was more variable than for crabs from tidal areas (Table 1) , cycles in swimming were well synchronized, as indicated by the sharp peaks in the actograms (Fig. 3) .
A possible explanation for the present results comes from similar experiments conducted with first stage zoeae of the shore crab Carcinus maenas. Like Uca pugilator zoeae, C. maenas larvae from areas with semidiurnal tides are released during ebb tides and undergo an ebb-phased migration that results in seaward transport (Zeng & Naylor 1996a ,b, Queiroga et al. 1997 . The rhythm underlying the behavior is under endogenous control (Zeng & Naylor 1996a ,b,c, Duchêne & Queiroga 2001 ) and appears to be inherited since it is still displayed in laboratory-hatched larvae released by females maintained for several months under constant conditions (Zeng & Naylor 1996c) . Evidence suggests that the hatching process serves to synchronize the circatidal rhythm and associated timing system with falling tides (Zeng & Naylor 1996a,c) . However, Queiroga et al. (2002) found no evidence of a tidal or diel rhythm in vertical migration in laboratory hatched C. maenas zoeae from a microtidal population along the Swedish coast. They hypothesized that Swedish and British Isles C. maenas populations are reproductively isolated and have evolved behavioral adaptations to the local tidal environments.
Given the proximity of the Titusville crabs to other U. pugilator populations in the area and the geologic history of the Indian River Lagoon, it is unlikely that they are behaviorally or genetically distinct from nearby populations along the east coast of Florida. Thus, like C. maenas larvae from the British Isles, the swimming rhythm of Titusville crabs may be an inherited circatidal rhythm that is synchronized by the hatching process.
In general, it is unlikely that the circatidal rhythms expressed by Uca pugilator larvae from the Atlantic and Gulf coasts of Florida are the result of genetic differences among populations inhabiting different tidal regimes. Following hatching, fiddler crab larvae are known to be dispersed 10s of km from the adult habitat (Epifanio et al. 1988 , Morgan 2006 , Petrone et al. 2005 . Consequently, it is generally thought that significant mixing and gene flow occurs among populations, at least those inhabiting the same coastline (Felder & Staton 1994) , and that postlarvae settle and reproduce in areas that may be far from the habitats where they were released. Since tidal regimes may differ over relatively small spatial scales (<10 km), a flexible timing system would be favored over one that was genetically fixed since a rhythm matching the tides at the natal beach might be unsuitable for tidal patterns at the new settlement/adult habitat (Barnwell 1976 , Thurman 2004 .
Evidence for flexibility in the timing systems controlling fiddler crab behavioral rhythms comes from studies of geographic variation in the locomotor and larval hatching rhythms of adults. Barnwell (1968) compared the activity rhythms of Uca minax from areas with semidiurnal (Woods Hole, Massachusetts) and diurnal (Ocean Springs, Mississippi) tides. Although the period lengths of the rhythms of the 2 populations differed, crabs transplanted from Massachusetts to Mississippi altered their behavior to match the rhythm of the local population. Temporal patterns of larval release in brachyuran crabs are often synchronized with lunar, semilunar, tidal, and diel cycles and vary with tidal pattern (for reviews see e.g. Forward 1987 , Morgan 1995 , Morgan & Christy 1995 . Forward et al. (1982) reported different hatching patterns in Rhithropanopeus harrisii collected from tidal and nontidal regions of the same estuary. However, when exposed to artificial tidal cycles in the laboratory, crabs altered their release times to coincide with conditions mimicking high tide. Morgan (1996) reciprocally translocated U. pugilator females between 2 of the sites used in the current study -Turkey Point and Port St. Joe. Crabs at both locations have temporally distinct hatching rhythms, yet relocated females adjusted their release patterns to match those of resident crabs within 6 wk of being transferred. Weaver & Salmon (2002) recently reported similar phenotypic plasticity in the hatching rhythms of populations of U. thayeri transferred between Florida's east and west coasts. Experiments are currently underway to determine if the rhythmic swimming patterns of U. pugilator larvae are genetically fixed traits or phenotypic adaptations to the different tidal regimes.
The distinctiveness and complexity of the rhythms expressed by Uca pugilator zoeae and their similarity to the form and structure of the tides at the study sites provide insights into the timing system controlling circatidal behaviors. Two competing hypothetical models regarding the nature and properties of the underlying oscillator(s) responsible for the patterns exhibited by crabs from different habitats and tidal regimes have been proposed and debated extensively by Naylor (1996 Naylor ( , 1997 and Palmer (1995b Palmer ( , 1997 Palmer ( , 2000 (Fig. 6 ). Evidence for both models exists and both can be used to adequately explain the results of the current study. The first is largely based upon studies of the locomotory activity of Carcinus maenas and asserts that endogenous tidal rhythms are controlled by a 'true' circatidal (≈12.4 h) oscillator that interacts with other biological oscillators (e.g. circadian and circalunidian) to produce the complex activity rhythms often observed in intertidal crustaceans (Reid & Naylor 1989 , Naylor 1996 . Under this scenario, differences in the swimming patterns of U. pugilator zoeae are the result of the differential expression of 2 oscillators with fundamentally different periods of 12.4 h (circatidal) and 24 h (circadian) or possibly 24.8 h (circalunidian; see Palmer 1995b). In semidiurnal systems, only the underlying circatidal clock is expressed and results in the production of 2 activity cycles of equal amplitude each lunar day ( Fig. 6A; left  panel) . A 12.4 h oscillator that serves as the dominant or 'default' pacemaker might explain the expression of a strong endogenous 12.4 h rhythm in larvae from microtidal areas (Fig. 3) . In diurnal habitats, the circatidal pacemaker is inhibited or silent and behaviors are primarily controlled by the circadian/circalunidian oscillator. This results in only one activity cycle per lunar day ( Fig. 6A; right panel) . In mixed systems, activity controlled by the circatidal oscillator is modulated by the second circatidal/circalunidian pacemaker to produce a pattern that includes 2 cycles of (Naylor 1996 (Naylor , 1997 . The behavioral pattern is the result of differences in the relative dominance (indicated by the amplitude) of the 2 pacemakers. Alternatively (B), redrawn from Palmer (1995a) , the dual circalunidian clock model proposes that circatidal rhythms are the result of the differential expression of 2 independent 24.8 h lunar day (circalunidian) oscillators (1: dashed line; 2: solid line) that are coupled (designated by lock, ) in antiphase (Palmer 1995a (Palmer , 2000 . Expression of the clocks may be identical, as in semidiurnal systems, or may differ resulting in activity peaks of unequal amplitude (mixed) or the suppression of one of two 24.8 h cycles each day (diurnal) unequal amplitude each lunar day ( Fig. 6A ; center panel). Thus, the 2 clocks interact in much the same way as the semidiurnal and diurnal tidal constituents combine to produce the complex tidal patterns indicative of mixed regimes. Proponents of the competing theory assert that endogenous tidal rhythms with periods of ≈12.4 h are actually controlled by 2 circalunidian, not circatidal, oscillators that are coupled 180°antiphase (Palmer & Williams 1986 , Palmer 1996 . Although the 2 oscillators are 'locked', their properties (i.e. phase and amplitude) can be modified independently and they often become decoupled when animals are placed in constant conditions (Palmer 1995a,b) . In semidiurnal systems, the 24.8 h pacemakers track one of the 2 tidal cycles per lunar day and their expression is nearly identical ( Fig. 6A ; left panel). However, in diurnal systems, rhythmic behaviors are controlled by only one of the circalunidian oscillators; the other is inhibited or silent ( Fig. 6B ; right panel). In mixed tidal areas, the 2 clocks are tightly linked, as they are in semidiurnal areas, but they differ in amplitude. Thus, the 2 tidal cycles each day have different properties and result in a complex pattern that is similar to the one exhibited by zoea larvae in mixed-tidal systems (Fig. 4) . Thurman (2004) recently argued that a timing system based on 2 circalunidian clocks is more flexible and provides a more economical and practical mechanism for adjusting to changes in tidal patterns than one based on a single circatidal oscillator. Further studies are necessary to determine which of these models of the clocks underlying endogenous tidal rhythms best explains the STST behaviors of Uca pugilator larvae, and to investigate the cue(s) responsible for entrainment and synchronization of the clocks in different tidal systems.
